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IHDWXUHV RI WKH NQRZOHGJHEDVHG VRFLHW\ LV LQWHOOHFWXDO FDSLWDO GHYHORSPHQW E\ DSSOLFDWLRQ RI WKH QHZ
WHFKQRORJLHVRI OHDUQLQJZKLFK LVDGLUHFW FRQVHTXHQFHRI LQIRUPDWLRQDQGFRPPXQLFDWLRQ WHFKQRORJLHV ,&7
ZLWKDSSOLFDWLRQVLQWKHDOPRVWDOODUHDVRIKXPDQDFWLYLWLHVDPRQJZKLFKHGXFDWLRQDOVFLHQFHVRIOHDUQLQJ
7KHLPSDFWPDGHE\QXPHULFDOVLPXODWLRQVZLWKKHOSRIWKHFRPSXWHULQVFLHQWLILFNQRZOHGJHRIWKHUHDOZRUOG








,Q WKHNQRZOHGJHEDVHGVRFLHW\ WKHPDWKHPDWLFVKDVDQHZFKDOOHQJHIRU WKHFRPSOH[LW\VFLHQFHVZKLFK LV
UHODWHGWRFDOLEUDWHWKHFRPSXWHUPRGHOVZLWKWKHUHDOZRUGGDWD8VXDOO\DFRPSOH[G\QDPLFDOV\VWHPLVWKRXJKW
DVLQWHUQDOVWUXFWXUHZKLFKFRQVLVWVLQWKHSDWWHUQVWKDWUHVXOWIURPSDUWLFXODUREMHFWVDQGWKHLQWHUDFWLRQVDPRQJ
WKHP %XW XQOLNH WKRVH V\VWHPV FKDUDFWHUL]HG E\ OLQHDU SURFHVVHV WKDW FDQ EH HIIHFWLYHO\ LVRODWHG IURP
HQYLURQPHQWDOLQIOXHQFHOLNHLQ1HZWRQLDQPHFKDQLFVWKHH[WHUQDOVWUXFWXUHRUERXQGDU\FRQGLWLRQVRIFRPSOH[
V\VWHPV DUH DV PXFK DV SDUW RI WKH FRPSOH[ V\VWHP DV WKH LQWHUQDO VWUXFWXUH 7KH LQWHUDFWLRQV EHWZHHQ WKH
FRPSRQHQWVDQGWKHHQYLURQPHQWWKRXJKWDVDVHWRIDOOLQWHUDFWLRQVWKDWDFWRUDUHDFWHGRQE\FRPSRQHQWVRIWKH





WHDFKLQJOHDUQLQJ LQ WKH IUDPHZRUN RI WKH HGXFDWLRQDO VFLHQFHV DV WKH DFWLYH SDUW RI WKH FRPSOH[LW\ VFLHQFHV
)URP WKLV SHUVSHFWLYH XQWLO D UHDO DQG HIIHFWLYH PRGHOLQJ E\ G\QDPLFDO V\VWHPV WKHRU\ IRU WHDFKLQJOHDUQLQJ
SURFHVV LQ WKHFODVVURRPZHPXVW ILUVWNQRZWKHQDWXUHRI WKH OHDUQLQJSURFHVVDVSDUWRI WKLQNLQJSURFHVVRU
ZK\QRWDVSDUWRIPLQGDQGSV\FKH>@,QIDFWPLQGSKLORVRSK\RYHULWVHOIUHIRUPXODWHVKLVWKHRULHVLQWKHQHZ
SDUDGLJPRI FRPSOH[ G\QDPLF V\VWHPV WKHRU\ ,Q WKH IUDPHZRUN RI WKHPLQG SKLORVRSK\ WKHUH DUH WZRPDLQ
GHEDWHV LQ WKH DERXW WKH HVVHQFHRIPHQWDO VWDWHV :KDW DUH WKH\ SK\VLFDO IXQFWLRQDO SKHQRPHQDO HWF" DQG
RYHU PHQWDO FRQWHQW +DYH UXQ WKHLU FRXUVH" >@ 7KH FHQWUDO LGHD LV D KXPDQ LQGLYLGXDO DV HOHPHQW RI D
FRPSOH[ VRFLHW\ LV D FRPSOH[ VXEV\VWHP RI WKHVH DQG WKLV FDQ EH GHILQHG E\ LWV FRPSRQHQWV DV EUDLQERG\
HQYLURQPHQW LIZHDVVXPH WKH LVRODWLRQD[LRPIURP WKHPHFKDQLFV)URP WKLVSHUVSHFWLYHG\QDPLFDO V\VWHPV





DV VWURQJ WRROV IRU WKH RWKHU GRPDLQV RWKHU WKDQ PDWKHPDWLFV 6R ZH ZLOO WU\ WR UHYHDO VRPH RI SRVVLEOH
DSSURDFKHVRIWKLVWKHRU\IRUWKHHGXFDWLRQDOGRPDLQLQJHQHUDOIRUWKHWHDFKLQJOHDUQLQJSURFHVVLQSDUWLFXODU
>@,W LVYHU\GLIILFXOW WRVSHFLI\WKHVWDUWLQJSRLQWRIHPHUJHQFHRIPDWKHPDWLFDO WKHRU\RIG\QDPLFDOV\VWHPV
EXWZHFDQOLVWVRPHDUHDVZKLFKOHGLQLPSOLFLWRUH[SOLFLWZD\WRGHYHORSPHQWWRWKLVWKHRU\>@$PRQJWKHVH
DUHDV DUH HQJLQHHULQJ UDWLRQDO PHFKDQLFV FRQWLQXXP PHFKDQLFV ELRORJ\ TXDQWXP PHFKDQLFV HWF ,Q WKH
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IROORZLQJ ZH ZLOO FRQVLGHU RQH RI WKH PRVW VWXGLHG SK\VLFDO V\VWHPV LQ WKH VHQVH RI 1HZWRQ¶V PHFKDQLFV
EHOLHYHGWREHWKHILUVWZKRVWDUWHGPDWKG\QDPLFDOV\VWHPVDSSURDFK>@
,Q1HZWRQ¶VPHFKDQLFVWKHVLPSOHVWH[DPSOHRIDG\QDPLFDOV\VWHPFRQVLVWVRIDPDWHULDOSRLQW 3 RIPDVV
P ZKLFKKDVDPRYLQJDORQJLWVWUDMHFWRU\LQWKHSK\VLFDOVSDFH 5 XQGHUWKHDFWLRQRIDIRUFH I& FRQVLGHUDWH
OLNHDVXPRIDOOHQYLURQPHQWLQIOXHQFHV7KHPRYHRIWKHSRLQW 3 LVWKRXJKWDVDFKDQJHRILWVSRVLWLRQYHFWRU
[& LQWKHDEVROXWH&DUWHVLDQFRRUGLQDWHV2[\] RYHUWKHWLPH W DQGLQHYHU\SRVLWLRQRQKLVWUDMHFWRU\ 3 KDVWKH
D FHUWDLQ YHORFLW\ Y&  6R ^ `3 LV FRQVLGHUDWH DV D UHDO PDWHULDO V\VWHP DQG WKH G\QDPLFV RI LWV VWDWH LH
PRYHPHQWLVJRYHUQHGE\WKHIROORZLQJRUGLQDU\GLIIHUHQWLDOHTXDWLRQV [ Y Y I [  && & & &  
ZKHUHVHFRQGHTXDWLRQLV WKH ODZRIG\QDPLFV1HZWRQ
VHTXDWLRQZULWWHQ LQDXWRQRPRXVIRUP,IZHDVVXPH
WKDW I& LVNQRZQ WKHQZHVD\ WKDW^ `3 LV D IUHH V\VWHPIUHHGRPD[LRP ,QDGGLWLRQ LIZHDVVXPH WKDW IRUD
SDUWLFXODU WLPH  W ! WKH SRVLWLRQ DQG YHORFLW\ RI WKH SRLQW 3  LH   [ [ W & & DQG   Y Y W & &  DUH LPSRVHG
NQHZWKHQZHFDQGHWHUPLQHIRUDOO W W! WKHSRVLWLRQDQGYHORFLW\RIWKHSRLQW 3 7KLVPHDQVWKDWZHFDQGR




WKHIRUFHV I& VRWKDWDIWHULQWHJUDWHWKHVHSUREOHPZHREWDLQLWVXQLTXHVROXWLRQ          W [ W Y W W WM   !& & & 
7KHJUDSKRIWKHVROXWLRQ  M&* LVFXUYHLQWKHH[WHQGHGSKDVHVSDFHDQGLVGHQRWHVLQWHJUDOFXUYH,QWKH)LJ
ZHSORWWHGWKHSK\VLFWUDMHFWRU\VHWRIWKHVSDWLDOSRVLWLRQVRIWKHSRLQW 3 XQGHUWKHGLUHFWO\DFWLRQRIWKHIRUFHV
I& DQGLQWKH)LJZHSORWWHGWKHLQWHJUDOFXUYH  M&* ZKLFKGHVFULEHVWKHFRQQHFWLRQEHWZHHQWKHSRVLWLRQV
RIWKHSRLQW 3 DQGWKHWLPH W DQGLWVYHORFLW\ LH  [ Y& &  ,QWKHRWKHUZRUGV  M&* JLYHVXVWKHG\QDPLFVRI
WKH 3 IROGLQJLQWKHWLPH)RUDQREVHUYHUZKLFKLVORFDWHGLQWKHDEVROXWHFRRUGLQDWHV\VWHPDQGZDWFKLQJWKH
PRYHPHQWRI WKHSRLQW 3 RQ LWV WUDMHFWRU\ LVYHU\KDUG WRVD\SUHFLVHO\ WKH WLPHDW WKHSRLQWRFFXS\DFHUWDLQ
SRVLWLRQRQWKHWUDMHFWRU\DQGZKDWLVLWVYHORFLW\LQWKLVSRVLWLRQ,QVWHDGWKHLQWHJUDOFXUYH  M&* FDQGRLW
%XW LI ZH DUH RQO\ LQWHUHVWHG WR NQRZ WKH VHW RI SRVVLEOH VWDWHV RI WKH SRLQW 3 LQ LWV PRYLQJ WKHQ E\
HOLPLQDWLQJ W  WKRXJKWOLNHSDUDPHWHUIURPWKHHTXDWLRQV  [ [ W & &   Y Y W & & ZHREWDLQDQHZFXUYHZKLFKLV
WHUPHGRUELWRUSKDVHWUDMHFWRU\RIWKHHTXDWLRQDQGWKHLQLWLDOFRQGLWLRQV6R WKHRUELWZKLFKSDVVWKURXJK
LQLWLDOVWDWH   [ Y& & LVZULWWHQLQDQLPSOLFLWO\IRUPQRQOLQHDUIRUPLQWKHSKDVHYDULDEOHV  [ Y& & DV     ^ `     I [ Y [ Y ) [ Y  u  & && & & & & &5 52  ZKHUHWKHLPSOLFLWO\YHFWRUIXQFWLRQ )& UHVXOWVDVDFRQVHTXHQFHRIWKHHOLPLQDWLRQRI W >@,Q)LJZHSORWWHG
DQLPDJLQDU\SRVVLEOHRUELW:HQRWHWKDWWKHUHLVDQLVRPRUSKLVPGHVFULEHGE\WKHIRUFHWHUP I& EHWZHHQWKH










KLVPDVVFHQWHU LHZLWKDPDWHULDOSRLQW 3  WKHQWKHGLUHFWIRUFH I& ZKLFKLVDFWLQJRQLW LVDVXPZLWKVRPH






/DJUDQJHDQPHFKDQLFV DQG LW UHSUHVHQW RWKHUPDWKHPDWLFDO GLUHFWLRQ RI UHVHDUFK:H DOVR UHPDUN WKDW LQ WKH
SRVLWLRQRIWKHHQGSRLQWRIWKHUDPSWKHVNLHUZLOOKDYHDSDUWLFXODUVSHHGFKDUDFWHUL]HGERWKE\GLUHFWLRQDQGE\
WKHYDOXHRI LWVPRGXOH6R WKH LQLWLDO FRQGLWLRQV IRU(T ZKLFKJRYHUQV WKH IUHHPRYHPHQWRI VNLHUVDUH






ILQLVK RI WKH VNL MXPSLQJ UDPS DQG DQ GLUHFWO\ DYHUDJH IRUFH I& ZKLFK DFWLQJ RQ D VNLHU KRZ PXVW EH WKH
JHRPHWULFDOVKDSHRI WKHUDPSVXFK WKDW WKHVNLHUVKDOOKDYHDW WKHHQGSRLQWRI WKHUDPSDVSHHGQR OHVV WKHQ
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
)LJ7KHH[WHQGHGSKDVHVSDFH  M&* LVWKHLQWHJUDOFXUYH J 

)LJ7KHSKDVHVSDFH   I [ Y& & &2 LVWKHRUELWRIWKHJ 
7HDFKHU6WXGHQWDVDG\QDPLFDOV\VWHP
)URP WKH HGXFDWLRQDO YLHZSRLQW OHWZH LPDJLQH WKH UDPS IRU VNL MXPSLQJZLWK WKH FXUULFXOXP HLWKHU IRU D
F\FOHSULPDU\J\PQDVLXPKLJKVFKRROHWFRUIRUDSDUWLFXODUGLVFLSOLQHDQGWKHVNLHUZLWKDVWXGHQW,QWKLV
³PHWDSKRU´ WKHFRDFKRIWKHVNLHULV WKHWHDFKHURIWKHVWXGHQW:KRGHVLJQWKHVKDSHRIWKHUDPSVXFKDVWKH
VNLHUV VKDOO REWDLQ D JRRG VSRUWLYH SHUIRUPDQFHV DIWHU WKHLU DSSURSULDWH WUDLQLQJ EHFRPHV QRZ D UKHWRULFDO
TXHVWLRQIRUHYHU\HGXFDWLRQDOV\VWHP:KRGHVLJQWKHQDWLRQDOFXUULFXOXPIRUZKDWSHUIRUPDQFHVNQRZOHGJH
VNLOOV DELOLWLHV HWF DQG IRU ZKDW IXWXUH KXPDQH VRFLHW\" ,Q RWKHU ZRUGV WKH GHVLJQHG FXUULFXOXP LV WKH
WUDMHFWRU\RQZKLFKWKH WHDFKHULVDJXLGHIRUWKHVWXGHQW IRUWKRVHKHDFTXLVLWLRQV WKHNQRZOHGJHDELOLWLHVDQG




ZKLFK LQWHUDFWLRQ LQ WKH WHDFKLQJOHDUQLQJ SURFHVV LQ FODVVURRP 6R WKH JRYHUQHG HTXDWLRQV RI WKLV G\QDPLF
V\VWHPLVZULWWHQDVIROORZLQJFRXSOHGQRQOLQHDUGLIIHUHQWLDOHTXDWLRQV         6 6 7 F 7 7 6 FF F F F F F $ & /  % + /& & && & && & & & & &  
,Q WKH ILUVW HTXDWLRQ RI  6F& LV WKH YHFWRU RI WKH GHSHQGHQWO\ YDULDEOHVZKLFK GHVFULEH WKH VWXGHQW G\QDPLF
XQGHU WKH GLUHFWO\ DFWLRQ $&  JHQHUDWHG E\ WKH WHDFKHUOHDUQLQJ SURFHVV LQ FODVVURRP DQG ZKLFK GHSHQG LQ D
QRQOLQHDUZD\E\WKHGLUHFWO\DFWLRQ&& RI WKHWHDFKHURQKLPDQGE\WKHVRPHSDUDPHWHUV F/
& ZKLFKPRGHOLQJ
WKH LQIOXHQFHV RI WKH FODVVURRP HQYLURQPHQW LQFOXVLYHO\ WKH SUHVHQFH RI WKH RWKHU FROOHJH VWXGHQWV 6R WKLV
HTXDWLRQLVDHTXLOLEULXPORZEHWZHHQWKHUDWHRIWKHFKDQJHRIWKHVWXGHQWVWDWHDQGWKHDFWLRQRQKLPIURPKLV
H[WHULRUHQYLURQPHQWLQFODVVURRPLQFOXVLYHO\GLUHFWO\WHDFKHUDFWLRQ7KLVPHDQVWKDWWKHVWXGHQWLVWKRXJKWOLNH
D EUDLQERG\HQYLURQPHQW V\VWHP LQ WKH WHDFKLQJOHDUQLQJ SURFHVV LQ WKH FODVVURRP 6LPLODUO\ LQ WKH VHFRQG
HTXDWLRQRI 7F& LVWKHYHFWRURIWKHGHSHQGHQWYDULDEOHVZKLFKGHVFULEHWKHWHDFKHUG\QDPLFLQVDPHFRQWH[W
RI HGXFDWLRQDO SURFHVV%& LV WKH GLUHFWO\ DFWLRQ RQ WKH WHDFKHU IURP WKH VWXGHQW WR KLPVHOI DV IHHGEDFN IRU
H[DPSOHZKLFKGHSHQGLQDQRQOLQHDUZD\E\WKHUHDFWLRQRIWKHVWXGHQW+& DQGE\WKHHQYLURQPHQWSDUDPHWHUV
F/
& 2EYLRXVO\ 7F& LVWKHUDWHRIFKDQJHRIWKHWHDFKHUVWDWHXQGHUGLUHFWLQWHUDFWLRQZLWKWKHVWXGHQWLQWKHIUDPH
RIWKHWHDFKLQJOHDUQLQJSURFHVVLQFODVVURRP"
7KHHTXDWLRQVGHSHQGHQWRQWKHSDUDPHWHU SF/ 
& 5 ZLWK S t ZKLFKVKRXOGEHZHOOGHILQHGVRWKDWLW
ZLOO VKDSH DOO HQYLURQPHQWDO LQIOXHQFHV ZKLFK DFWLRQ RQ WKH VWXGHQWWHDFKHU V\VWHP FRQVLGHUHG WR EH LVRODWHG





IUDPHZRUN RI WKH WHDFKHUOHDUQLQJ SURFHVV LQ FODVVURRP DV ORQJ DV ZH GR QRW NQRZ KRZ WR GHVFULEH
PDWKHPDWLFDOWKHDFWLRQV$& %& WKHFRQVWUDLQWV && +& DQGWRVHWWKHGHSHQGHQWYDULDEOHV 6F& DQG 7F& WKDWPXVW
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